Abstract-A method is derived for optimum estimation of doppler, doppler time derivative, and other parameters for doppler-type radar returns, using linear least-squares estimation procedures. It is used on radar returns from the Naval Space Surveillance System to obtain improvement of at least one order of magnitude in doppler measurement from previous practice; doppler derivative has been measured for the first time. The accurate measurement of doppler derivative (typically ± 0.2 Hz2) has enabled a resolution of the inherent geometric degeneracy in the coplanar NAVSPASUR system, to provide a significant improvement in single-pass orbit detennination accuracy.
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where F represents the transfer function of the buffer, and RB its output impedance.
Substitution of V(+) and V(-) in (B2) gives or [31 Burr-Brown, "Check five opamp specs in one test," Appl. Note, Sept. 1973. [4] J. Okun and P. Gantt, "Use loop testing to check differential amps,"EDN,pp. 127-130, June 9, 1983. [5] Linear Integrated Circuits, Motorola Semiconductors, 1981-82. [6] RCA-Linear, Integrated Circuits, 78.
[71 Gray 2) The signal-to-noise ratio must be greater than one, so that the sum of signal and noise vectors does not pass through the origin.
If either condition is not satisfied, the method fails in a relatively disastrous fashion. The phase-tracking method was used for the present data sample, which consisted primarily of largeamplitude signals. Although conditions 1) and 2) are restric- The error in the estimation of the frequency centroid of a signal may be represented by a similar function. The weight function is the reciprocal of the error function, so that a weight that is directly proportional to signal strength is indicated (Fig.  1 ). This should result in estimation of parameters in a significantly more precise fashion than the uniform weighting above. A still more realistic estimation of the weight function is obtained with a model that does not allow the predicted error to decrease below a minimum (dashed line in Fig. 1 Fig. 3 shows a typical example of a satellite return. The total period covered by the graph is 1.6384 s, composed of 256 X 6.25 ms. samples. Each complex spectral point from bin #14 has been converted to an amplitude-phase representation, and the phase has been connected by a phase-connection algorithm. The obvious presence of linear and quadratic terms in the phase can be seen (Fig. 3(b) ); these correspond to doppler and doppler derivative, respectively. This signal had avery high signal-to-noise ratio, making it an excellent test of the mathematical method used. A least-squares procedure was performed using the points within the labeled lines, and the resultant phase fit is shown in Fig. 3(c) variance remained at about ±1 50 for most strong satellites. This is appreciably poorer than predicted from statistical considerations discussed above. For the purposes of this article, this is an example of the type of secondary effect that limits accuracy for high signal-to-noise ratios for any system. We attribute this primarily to irregular satellite reflections-other possibilities for this residual error floor include ionospheric irregularities and phase measurement error. An attempt to introduce weighting proportional to signal amplitude did not give appreciably improved results, which is in agreement with the error floor described above. The variance in the variance of the doppler derivative measurements is considerably greater than in the mean frequency measurements. We attribute this primarily to the fact that the doppler derivative measurement is mathematically dependent on a smaller number of samples.
V. DiscussiON
The linear least-squares method provides a mathematically powerful method of solving for relevant parameters from experimental data. We have demonstrated its use for a particular sample of doppler-type radar returns. The method is easily adaptable to all similar systems. With the advent of modern digital techniques, this type of processing has become practical for radar data, and can result in very significant increases in the accuracy of parameter estimation resulting from the application of optimum techniques. Although this particular type of data is relatively long in duration (about one-quarter s), this is not an inherent limitation of the method, as it is not necessary to perform the computations in real time. The only strict hardware requirement is that a digital sampling at sufficient speed be performed on the signal to be analyzed. Although extensive theoretical analysis has been performed on optimum parameter determination methods for certain types of radar measurements, such as detection and range measurement [41, [11] , [13] , little has been done to apply the method to problems of the specific NAVSPASUR type. Levanon include a number of differences in the mathematical formulation that amount to differences in the physical hypothesis of the problem. These include the validity of Gaussian statistics, which reflects whether the least-squares subset of the maximum-likelihood method can be used, the choice of normal equation, which amounts to a choice of physical model for the system, and the a priori estimate of accuracy to be expected from each observation, which can be reflected in the choice of weight. An important justification for the present work was the possibility of improving single-pass orbit determination for the NAVSPASUR system. Determination of a satellite orbit from a single pass with NAVSPASUR requires the determination of a six-element state vector consisting of the vector velocity and position, or measureables from which these can be derived. The coplanar geometry of the NAVSPASUR array results in a geometric degeneracy which normally does not allow the determination of all six of these quantities from one pass; the offplane velocity is normally undeterminable. This degeneracy can be resolved by data from an out-of-plane receiving station, or, as we remark here, by deriving information about the curvature of the satellite path from measurements of doppler derivative. Although an actual determination of a one-pass orbit using our data was not performed, our improved signal strengths and doppler and doppler derivative error bounds provide important support to the hypothesis that improved observation modes and/or an out-of-plane station can greatly improve the determination of off-plane velocity. Sample state vector errors were computed for a typical satellite geometry with altitude of 1200 nautical miles, inclination of 650, and pass longitude of 990 west. The known error covariance for the appropriate geometry was used, together with error estimates for the quantities in question. The 
